As molecular methods continue to elucidate genetic structure at increasingly finer resolutions, 23 delimiting species in the grey zone of the speciation continuum is becoming more relevant in 24 biodiversity research, especially in under-studied biodiversity hotspots such as Southeast 25
INTRODUCTION 46
Species delimitation plays a pivotal role in biodiversity research with potential cascading 47 effects in conservation and other applied sciences (Devitt, Wright, Cannatella, & Hillis, 2019; 48 Stanton et al., 2019) . This is particularly germane in highly threatened biodiversity hotspots 49 such as Southeast Asia where the rate of species discovery is high and species richness is still 50 severely underestimated (Brown & Stuart, 2012 We implemented this approach to delimit species boundaries in Spotted Stream Frogs 84 of the Pulchrana picturata complex (Brown & Guttman, 2002; Brown & Siler, 2014) . 85 Currently, P. picturata is a single species that exhibits considerable but continuous 86 morphological variation throughout its distribution range in southern Thailand, Peninsular 87 Malaysia, Sumatra, and Borneo (Brown & Guttman, 2002; Frost, 2019) . High levels of 88 genetic structure and mitochondrial divergence (up to 10%) have been detected among 89 strongly-supported and geographically circumscribed clades (Brown & Siler, 2014) , 90
suggesting that this complex could comprise multiple cryptic species. Moreover, instead of 91 being nested within the Bornean clade, one population from Borneo was recovered within the 92 Thailand, Peninsular Malaysian, and Sumatran clade with high support (supplementary figure 93 S3 in Brown and Siler, 2014) , indicating that introgression could be affecting phylogenetic 94 inference. In this study, we used a newly developed suite of genomic markers and target-95 capture protocol (FrogCap; Hutter et al., 2019) to obtain more than 12,000 informative loci 96 consisting of exons, introns, and ultraconserved elements (UCEs) from representative 97 populations across the distributional range of P. picturata to infer evolutionary relationships 98 and determine whether deep divergences among clades and observed geographically-99 structured genetic variation corresponds with statistically-defensible hypothesized species 100 boundaries. As validation, we tested for the presence of introgression and evaluated the effect 101 of this phenomenon on phylogenetic inference and species delimitation. This study 102 contributes to the nascent body of literature examining the performance of species 103 delimitation procedures, from the perspective of natural populations, geographically-104 structured phylogenomic data, and an empirical study system set in one of the world's most 105 dramatic and variable land-and-seascape geographic context and where the field of 106 biogeography had its inception: Southeast Asia and landmasses of Sundaland. 107
108

MATERIALS AND METHODS 109
Sampling and sequencing 110
A total of 24 samples were genotyped using the FrogCap sequence capture marker set 111 (Ranoidea V1 probe set; Hutter et al., 2019) including four samples from distantly related 112
Alignments were trimmed and saved separately into functional datasets for 144 phylogenetic analyses and data type comparisons. These datasets include (1) Exons: each 145 alignment was adjusted to be in an open-reading frame and trimmed to the largest reading 146 frame that accommodated >90% of the sequences; alignments with no clear reading frame 147 were discarded; (2) Introns: each previously delimited exon was trimmed out of the original 148 contig and both remaining intronic regions were concatenated; (3) Exons-combined: exons 149 from the same gene were concatenated and treated as a single locus (justifiable under the 150 assumption that as they might be linked); and (4) UCEs. We applied internal trimming to the 151 intron and UCE alignments using the program trimAl (automatic1 function; Capella-152 Gutiérrez et al., 2009). All alignments were externally trimmed to ensure that at least 50 153 percent of the samples had sequence data present. 154
In addition to analysing the unfiltered datasets, we also filtered the data by removing 155 loci with low phylogenetic information, which can introduce noise and increase systematic 156 bias (Mclean, Bell, Allen, Helgen, & Cook, 2019). We used parsimony-informative-sites 157 (PIS) as a proxy for hierarchical structure and phylogenetic information; and removed the 158 lower 50% of loci that contained the least PIS. All datasets were analysed separately to assess 159 phylogenetic congruence. Summary statistics, partitioning, and concatenation of data were 160 performed using the program AMAS (Borowiec, 2016) (https://github.com/chutter/FrogCap-Sequence-Capture). To discover potential variant data (e.g. SNPs, InDels), we used a consensus sequence from each alignment from the target 168 group as a reference and mapped the cleaned reads back to the reference markers from each 169 sample. We used BWA ("bwa mem" function; Li, 2013) to map cleaned reads to the 170 reference markers, adding the read group information (e.g. Flowcell, Lane, Library) obtained 171 from the fastq header files. We next used SAMTOOLS (H. Li et al., 2009 ) to convert the 172 mapped reads SAM file to a cleaned BAM file, and merged the BAM file with the unmapped 173 reads as required to be used in downstream analyses. We used the program PICARD to mark 174 exact duplicate reads that may have resulted from optical and PCR artifacts and reformatted 175 the dataset for variant calling. To locate variant and invariant sites, we used GATK4 to 176 generate a preliminary variant dataset using the GATK program HaplotypeCaller to call 177 haplotypes in the GVCF format for each sample individually. 178
After processing each sample, we used the GATK GenomicsDBImport program to 179 aggregate the samples from the separate datasets into their own combined database. Using 180 these databases, we used the GenotypeGVCF function to genotype the combined sample 181 datasets and output separate ".vcf" files for each marker that contains variant data from all the 182 samples for final filtration. Next, to filter the .vcf files to high quality variants, we used the R 183 package vcfR (Knaus & Grünwald, 2017) and selected variants to be used in downstream 184 analyses that had a quality score > 20, where we also filtered out the top and bottom 10% of 185 variants based on their depth and mapping quality to avoid potentially problematic sites. 186
To assemble different datasets for different programs, we further filtered the datasets 187 to be used in various programs. First, the create a SNP output file for downstream analyses 188 (see below) we selected the best SNP from each marker alignment to ensure independence of 189 the selected SNP. The best SNP was determined through the following criteria: (1) we only 190 considered sites that were variable and heterozygous; (2) had 10% or less missing samples for 191 that site; and (3) we randomly selected the best SNP from the top 25% ranked by genotype 192 quality score and depth. Finally, the same set of gene trees was used to estimate species trees using the distance-based 212 method ASTRID, which has been shown to outperform ASTRAL when many genes are 213 available and when ILS is very high . 214
Phylogenetic analyses were performed separately on each dataset and we used the 215 program DiscoVista (Sayyari, Whitfield, & Mirarab, 2018) to assess phylogenetic 216 discordance by comparing the relative frequencies of all three topologies surrounding a 217 particular focal branch, in instances in which topological discordance was observed in 218 summary species-tree procedures. 219 220
Species delimitation framework 221
We used a two-step approach to species delimitation, involving independent "discovery" and, 222 subsequent "validation" stages (Hillis, 2019) . For our discovery stage, putative evolutionary 223 lineages were inferred from mitochondrial haplotypes derived from strongly-supported 224 multilocus inferences based on 16S rRNA data (Brown & Siler, 2014) . We then used methods have been shown to be effective at delimiting species with uneven sampling (Blair 229 & Bryson, 2017) . We used default settings for the ABGD analysis and estimated a maximum 230 likelihood phylogeny with IQ-TREE based on the 16S marker, to use as input for the mPTP 231 analysis. Two MCMC chains were executed using 10,000,000 iterations with samples saved 232 every 50,000 iterations. Finally, for comparison with Sanger-generation studies, we examined 233 mitochondrial divergences among reciprocally monophyletic putative species pairs, by 234 comparing distributions of uncorrected p-distances. 235
Putative species were then validated using genomic data. We performed rigorous 236 examinations of population structure, clustering, introgression, and genetic divergence among 237 populations, which are explained in detail below. François, 2014). Ancestry coefficients were estimated for 1-10 ancestral populations (K) 257 using 100 replicates for each K. The cross-entropy criterion was then used to determine the 258 best K based on the prediction of masked genotypes. The sNMF analysis was implemented 259 through the R package LEA (Frichot & François, 2015) . 260
Non-spatial clustering methods including sNMF, STRUCTURE, and ADMIXTURE 261 assume that allele frequencies of individuals within a cluster are equal, regardless of their 262 geographic location. This assumption doesn't account for differentiation caused by 263 continuous processes, such as isolation-by-distance (IBD) and can, consequently, 264 overestimate the number of discrete clusters, especially when geographic sampling is 265 sparse-as is the case, in many empirical studies. Therefore, we also performed a spatially-266 aware model-based clustering analysis (conStruct), which also considers IBD as an 267 explanation for genetic variation (Bradburd et al., 2018) . The same SNP dataset was used to 268 represent allele frequencies, and geographic coordinates for each sample were converted into 269 a pairwise great-circle distance matrix using the R package fields (Nychka, Furrer, Paige, & 270 Sain, 2017). Our conStruct analysis was performed with spatial and non-spatial models, using 271 200,000 MCMC iterations; traceplots were examined to assess convergence. A cross-272 validation approach was then used to compare different K values between spatial and non-273 spatial models. Posterior distributions of parameters were estimated using a training partition 274 consisting of 90% randomly-selected loci. The predictive accuracy of each value of K was 275 then measured using log-likelihoods of the remaining loci, averaged over the posterior. A 276 total of 8 replicates were used to assess each value of K. 277
To confirm whether IBD contributed to genetic variation, we implemented a distance-278 based redundancy analysis (dbRDA), which has been shown to be an improvement over 279 traditional Mantel tests because it uses a principal coordinates analysis to linearize the 280 response variable, thereby removing violations of linearity (Guillot & Rousset, 2013 ; 281 Kierepka & Latch, 2015) . Genetic distances were represented by pairwise population Gst 282 (Nei, 1973) , which was calculated using the R package mmod (Winter, 2012) . Geographic neutrally evolving loci, we conducted the analysis only on our intron dataset. In order for the 321 analysis to be computationally tractable, we further filtered these data to include only loci 322 with full taxon representation. 323
324
RESULTS 325
Data collection, phylogeny estimation, and topological discordance 326
Summary statistics for retained loci are presented in Table 1 . In general, almost 12,000 327 intronic and exonic markers were obtained; UCEs numbered 625 and were on average the 328 longest (713 bp), whereas exons were shortest (212 bp). After exons from the same gene 329 were identified and combined, a total of 2,186 markers remained (average length 617 bp). 330
Introns exhibited the most informative sites, with more than 2.6 million variable sites and 331 over 950,000 PIS (Table 1) . 332
Two different topologies (T1 and T2) were obtained across all phylogenetic analyses 333 and datasets (Fig. 1) . In general, geographic populations (Peninsular Malaysia, Sumatra, 334 Borneo) formed highly supported monophyletic clades with the exception of two Bornean 335 samples (ND_7479, ND_7056), which we designated as putative hybrids. For most datasets 336 (Exons-combined, Introns, UCEs), these two samples were recovered as the first-branching 337 lineages within the Peninsular Malaysia + Sumatra clade, with high support across all 338 analyses (T1). However, for the Exon dataset, one of those samples (ND_7479) was 339 recovered as the first-branching lineage of the Bornean clade, with high support across all 340 analyses (T2). Complete details of all phylogenetic trees from analyses of each datasets are 341 provided in Supplementary material. 342
The relative frequency of alternate topologies surrounding a discordant branch 343 revealed that the number of gene trees supporting the main topology was only slightly more 344 (<3%) than those supporting an alternate topology, indicating a high level of discordance and 345 a lack of overwhelming support for a particular topology (Fig. 2) . These outcomes were most 346 evident in datasets that had relatively fewer markers (Exons-combined, 2,186; UCEs, 625) 347 and in which the primary topology was supported by not more than 20 additional gene trees. 348 349
Putative species boundaries 350
The topology of the mitochondrial phylogeny estimated for the mPTP analysis was the same 351 as the topology from analyses of our Exons dataset (T2; Figs. 1, 3A) . Excluding the outgroup 352 (Pulchrana signata), the mPTP analysis inferred a total of five species (Fig. 3A) Fig. 1) , which were the sister lineage to True P. picturata 356 (exemplified by topotype ID_7750 from Mount Kinabalu). Other Bornean populations were 357 split into two distinct clades but these were not strongly-supported as distinct species 358 (average support value 0.62) and were therefore considered a single putative species (Sp3). 359
The mPTP also delimited the putative Hybrid 2 as a distinct species with strong support. 360
These five putative species (True picturata, Hybrid 2, Sp1, Sp2, Sp3) were also delimited by 361 the ABGD analysis, again with strong support. A comparison of mitochondrial p-distances 362 showed that the level of divergences within Sp1 (including Hybrid 1) and Sp3 were relatively 363 low at ≤ 3% (Fig. 3B) ; in comparison, divergences among putative species were high (>5%). 364 365
Validation using genomic data 366
Population structure.-A total of 11,490 unlinked SNPs were obtained and used for 367 clustering (PCA, t-SNE), population structure (sNMF, conStruct), and introgression 368 (Bayesian hybrid index, HyDe) analyses. In the PCA analysis, the outgroup (Pulchrana 369 signata) and populations from Peninsular Malaysia and Sumatra formed two distinct clusters 370 that were distantly separated-markedly more so than Bornean populations, which showed 371 less separation (Fig. 4A) . The t-SNE analysis showed similar results but with more diffusion 372 within clusters (Fig. 4B ). 373
The cross-entropy criterion of the sNMF analysis inferred K=3 and K=4 as the best-374 predicted numbers of ancestral populations, with K=3 being only marginally better (Fig. 4C) . 375 At K=3, populations from Peninsular Malaysia and Sumatra (Sp1) were clustered as a single 376 population with no admixture (Fig. 5A) . Similarly, populations from far east Borneo (true 377 picturata + Sp2) also formed a single, non-admixed cluster. Other Bornean populations (Sp3,  378 Hybrid 1, Hybrid 2) exhibited a cline of admixture with the two putative hybrid samples 379 being the most admixed. At K=4, the putative hybrid samples were characterized as highly 380 admixed and Sp3 formed a distinct non-admixed group (Fig. 5A) . 381
The conStruct analysis also inferred K=3 and K=4 as ideal numbers of ancestral 382 populations, with K=4 slightly better. Model comparison demonstrated that the spatial model 383 fitted the data slightly better than the non-spatial model at K=3, but the two had similar 384 scores at K=4 (Fig. 4D ). This was corroborated by the dbRDA analysis (p-value = 0.2736; R 2 385 = 0.2236), indicating that IBD was not a significant factor affecting genetic variation. In 386 general, these assignments of individuals to population clusters were similar to results from 387 the sNMF analysis, but with higher levels of admixture (Fig. 5B) . Notably, our True picturata 388 clade and Sp2 showed relatively high levels of admixture, whereas Sp3 had dissimilar levels 389 of admixture. One Sp3 sample from far west Borneo was considerably admixed, while the 390 other two samples from east Borneo were not (Fig. 5B) . 391
392
Introgression and species delimitation.-Based on results from our population clustering and 393 structure analyses, we inferred Sp1 and either Sp3 or True picturata+Sp2 to be potential 394 parental populations, due to their dominant representation in ancestry coefficients. When Sp1 395
and True picturata+Sp2 were designated as parental references, the genome of Sp3 and the 396 putative hybrid samples showed a mixture of alleles from both parent taxa (Fig. 6A) . A 397 similar result was achieved when Sp1 and Sp3 were designated as parental populations and, 398 in both scenarios, the hybrid index of the putative hybrids was considerably higher (Fig. 6B) . 399
The HyDe analysis at the population level produced a similar, but more nuanced, 400 characterization of hybridization. Using different ingroup configurations, significant 401 hybridization was detected in Hybrid, Sp2, and Sp3 populations ( Table 2) . Our Sp2 402 population showed the lowest level of hybridization (Gamma=0.9), whereas Hybrid and Sp3 403 populations displayed moderate to high levels of hybridization (Gamma=0.2-0.8). 404
Furthermore, this analysis showed that hybridization was not limited to Sp1 and True 405 picturata as parental populations, but also between Hybrid/True picturata, Sp1/Sp2, Sp1/Sp3, 406
Hybrid/Sp2, and True picturata/Sp3. Analysis at the individual level showed the Hybrid population to be a mixture of True picturata, Sp1, Sp2, and to a lesser extent Sp3, whereas 408 individuals from Sp3 were a mixture of True picturata, Hybrid, Sp2, and Sp1. Individuals 409 from Sp2 were the least admixed (Gamma=0.9; Table 2 ). 410
Our gdi analysis was performed on a reduced subset of 1,515 SNPs, but with full 411 taxon representation. Additionally, to avoid bias, two putative hybrid samples were removed 412 from this dataset due to their phylogenetic uncertainty and high levels of introgression. Our 413 results indicate that populations from Peninsular Malaysia and Sumatra (Sp1) are distinct 414 species, supported by high confidence (Fig. 6C; mean gdi=0.91) . However, the specific status 415 of all other populations (those from Borneo) remain uncertain (mean gdi 0.55-0.59), and so 416 we conservatively consider them conspecific at the present time. 417 418 DISCUSSION 419
Phylogenetic conflict 420
As the phylogenomic era unfolds, increasing numbers of studies have shown that analysis of 421 additional numbers of markers does not necessarily increase phylogenetic congruence or 422 branch support, especially for clades of rapidly evolving species, characterized by shallow 423 diversification events. On the contrary, many phylogenomic studies have demonstrated that 424 increasing the amount of data may also increase phylogenetic incongruence (Dávalos, introns (Bi et al., 2012; Faircloth et al., 2012; Folk, Mandel, & Freudenstein, 2015) . Recent 434 studies have shown that the efficacy of different types of genomic markers can vary (Chen, 435 Liang, & Zhang, 2017; Yao et al., 2015) and our study further demonstrates how different 436 markers can produce strongly supported but conflicting phylogenetic signals (Figs. 1, 2) . Our 437 finding that phylogenetic incongruence among marker types was only detected in the hybrid 438 samples suggests that the genomic landscape of introgression is heterogeneous and may have 439 variable and unpredictable effects on different regions of the genome (Edelman et al., 2019) . Our results showed the manner by which highly introgressed individuals can be incoherently 448 or misleadingly placed in a phylogeny. It is noteworthy that phylogenetic placements of 449 hybrid samples in both topologies (T1, T2; Fig. 1) were not in agreement with patterns of 450 spatial and genetic structure inferred from genomic validation analyses, which produced a 451 more biogeographically cogent interpretation of the data. The prevalence of phylogenetic 452 conflict in hard-to-resolve groups calls into the question the rationale of obtaining a single 453 species tree when other alternative topologies are also frequently represented among 454 categories of gene trees. Even if a single species tree is summarized, it may likely be an 455 inaccurate or only partial representation of evolutionary history, which can lead to incorrect 456 inferences (Hahn & Nakhleh, 2016) . In this study we demonstrated how basing a species 457 delimitation framework on an ambiguous-albeit highly supported phylogeny affected by 458 introgression can lead to an overestimation of species boundaries. With only a few Sanger 459 markers, admixed individuals appeared to be highly divergent (Brown & Siler, 2014) , even 460 from their parental populations (up to 8% mitochondrial divergence) and, as a consequence, 461 bias distance-based species delimitation methods (Fig. 3) . In both mPTP and ABGD 462 analyses, the Hybrid 2 sample was delimited as a distinct species with strong statistical 463 support, while Hybrid 1 from Borneo was lumped with Sp1 (Peninsular Malaysia + Sumatra). 464
However, genomic clustering analyses (PCA, t-SNE, structure, sNMF, conStruct) showed 465 that Hybrid 1 was not tightly clustered with Sp1. Furthermore, our hybrid-index and HyDe 466 analyses confirmed that multiple divergent populations (Hybrid, Sp2, and Sp3) were highly 467 introgressed. We therefore advice caution when using distance-and/or phylogeny-based 468 species delimitation methods for groups where introgression is known (or can be reasonably 469 expected) to occur. Neighbour Embedding (t-SNE) analysis demonstrating population clustering after dimension 843 reduction of SNP data. C. sNMF cross-entropy results of K 1-10 (lower cross-entropy scores 844 correspond to the highest predictive accuracy). D. cross-validation results from conStruct 845 analysis, using non-spatial and spatial models (Ks of highest log-likelihood scores correspond 846 to highest predictive accuracy). 
